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Abstract. Rising reports of exophagic malaria vectors make even more pressing the need for alternatives to tra-
ditional, mesh, long-lasting insecticidal nets (LLINs) designed for indoor sleeping and often inadequate in the protec-
tion of outdoor-sleeping populations. This study tests and evaluates the retention, utilization, and durability of novel,
non-mesh nets designed for outdoor use. Longitudinal, cross-sectional surveys were conducted, the physical condi-
tion of nets was assessed, and bio-efficacy and insecticide content were tested. At 22 months, retention was 98.0%;
97.1% of nets fell within the World Health Organization (WHO) category of being in “good” condition; none were in
the “torn” category. At 18 months post-distribution, 100% of nets had at least WHO Pesticide Evaluation Scheme
(WHOPES)-acceptable levels of insecticide, this proportion was 66.7% at 22 months. This novel mosquito net has the
potential to provide a durable and context-specific tool to prevent malaria among traditionally hard-to-protect and highly
vulnerable populations.
INTRODUCTION
Malaria is estimated to have caused 584,000 deaths in 2013;
in the same year, there were an estimated 198 million cases of
clinical malaria.1 Malaria control and treatment appears as
one of the 2015 Millennium Development Goals as “Goal 6:
Combat HIV/AIDS, malaria and other diseases.”2 An esti-
mated $2.7 billion was spent globally on malaria control
in 2013, just over half of the estimated amount needed to
achieve universal coverage of malaria control ($5.1 billion).1
Long-lasting insecticidal nets (LLINs) have been shown to
be a highly effective method of malaria prevention3–7; how-
ever, this effectiveness is often limited as the standard LLIN
is not designed for use in all contexts. Physical and chemical
durability in operational conditions vary greatly between
location and population, and are often far from the physical
and chemical durability seen in controlled settings.8–11 In the
semiarid regions of Africa, which constitute a significant pro-
portion of the world’s malarious zones, live many nomadic,
outdoor-sleeping populations. Nomadic populations, defined
here as groups of people with no fixed home who move
according to the seasons and in search of water, food, and
pasture, have been estimated at 50–100 million persons
globally12 with over 60% found in Africa, and make up
approximately 19% of the population in Kenya.12–14 The
characteristic mobility of these populations is often associ-
ated with sleeping outdoors, an environment unprotected
by indoor residual spraying (IRS) and in which LLINs
designed for indoor sleeping are unsuitable or inadequate.
Outdoor use and ultraviolet (UV) exposure increase the rate
and degree of insecticide degradation,15 hence the World
Health Organization (WHO) recommendation to dry the
nets in the shade. These harsh climates mean that nomads
are rapidly left with inefficient nets offering little, if any,
protection from the bites of malaria vectors.
Increasing reports of exophagic biting of vectors have been
associated with large-scale, blanket distribution of LLINs
designed for indoor use.16–20 The exact reasons for these
changes vary and are subject of uncertainty and controversy.
Although questions still remain, it is clear that increases in
outdoor biting, and thus outdoor transmission, are of great
concern, especially to nomadic populations that often sleep
outside and typically have reduced access to health services,
exposing them to greater risks of both malaria morbidity
and mortality.
Nomadic, outdoor sleepers and exophagic biting of malaria
vectors are two challenges to traditional LLINs and their
effectiveness, especially as they overlap geographically. It is,
therefore, necessary to understand what role novel inter-
ventions can play in providing protection from the bites of
malaria vectors in these contexts.16,21,22
Garissa County in northeastern Kenya, the setting of this
study, is an area of very harsh, semiarid terrain. This highly
insecure area, and the large number of nomadic communities
that call it home, displays many factors that in similar settings
have highlighted the weaknesses of standard LLINs.8,10,23
Greater understanding of the effects of outdoor sleeping and
the nomadic lifestyle on the physical integrity and insecticidal
activity of nets would allow control programs serving these
individuals to more accurately plan and budget for distribu-
tion and redistribution campaigns in similar contexts and
would inform manufacturers on how to improve net design.
PermaNet® Dumuria (hereafter referred to as a Dumuria
net) is a mosquito net produced by Vestergaard, Lausanne,
Switzerland, intended for use both indoors and outdoors.
This net is based on the PermaNet® 2.0, which is fully evalu-
ated and recommended by the WHO Pesticide Evaluation
Scheme (WHOPES)24; the only differences being unlike a
typical 156-mesh LLIN, this net is made of a non-mesh, opaque,
bed sheet-like fabric (Figure 1) and added to the insecticide in
the Dumuria net (not found in the PermaNet 2.0) are UV pro-
tectants designed to make the insecticide more resilient to
sunlight exposure. This net has previously been distributed
to the nomadic population of South Sudan, where extremely
high levels of acceptability were found when compared with
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standard LLINs (these results have not been published in
peer-reviewed journals) (P. Guillet, unpublished data).
We present here results from a 22-month longitudinal
study into the utilization and durability of Dumuria nets
among nomadic communities in Garissa County, northeastern
Kenya. WHOPES guidelines on investigating LLIN durability
were followed as far as possible; the only difference being
follow-up until 22 months rather than the 36 months required
to qualify a net as an LLIN. Standardized outcome measures
were chosen.
METHODS
Study area and population. Garissa County is situated in
North Eastern Province, Kenya; it is split into three adminis-
trative districts, Garissa, Lagdera, and Fafi, with a total of
11 divisions (Figure 2). The climate is semiarid with a range
in temperature from 21°C to 39°C in 201225 and an annual
average bimodal rainfall (rainy seasons from March to May
and from September to October) of 250–300 mm.
The population according to the last national census in
2009 was 623,060.26 The population was estimated to have
grown to 715,312 in 2014 based on the United Nations
Children’s Fund (UNICEF) prediction of a 2.8% annual
growth rate.27 Outside of cities and large towns, 60% of the
population are nomadic,12–14 defined here as people living
within a temporary shelter typically made of a stick frame
and cattle skins, dismantled after several months in one place
and moved on as their cattle are moved to new grazing land.
Shelters are often used during the day to provide shade and
protection from the sunshine. At night, depending on tem-
perature and rainfall, individuals may choose to sleep either
under shelters or outside (based on observations made during
study implementation). The use of the word “household”
in this study refers to the area where nomadic families are
based and includes whole family units, often consisting of
several shelters.
Malaria transmission is seasonal and epidemic prone.28
The primary vectors in the region are mainly exophagic
and exophilic, such as Anopheles coustani and Anopheles
arabiensis.20,29–31 Both Plasmodium falciparum andPlasmodium
vivax are present with P. falciparum accounting for 98% of
infections.32 In 2013, there were 4,519 clinical cases of malaria
and 1,321 confirmed cases of malaria in Garissa, this is a 92%
reduction in both clinical and confirmed cases since 2010
(Kenyan Ministry of Health, unpublished data).
Net distribution. In September 2011, a total of 13,922
Dumuria nets were distributed to 8,511 nomadic households.
This provided an average coverage rate of 1.64 nets per
household. All recipients received malaria prevention educa-
tion to encourage correct usage and prioritization of use by
those most vulnerable to malaria, that is, those under the age
of 5 years and pregnant women. Each net was assigned a
unique identifier and added to a master census list along with
a household code and global positioning satellite coordinates.
Consent. This study was planned with and approved by
the Department of Malaria Control, Ministry of Health in
Garissa, and the Kenyan Medical Research Institute and the
Ethic Review Committee. All nomadic settlements involved
in the survey were informed in advance of the distribution
and the surveys. Approval was obtained from local chiefs and
traditional authorities and informed consent was obtained
from the head of each household surveyed.
Study design and sample size. From September 2011 to
July 2013, a prospective longitudinal study was conducted
with cross-sectional household surveys to assess Dumuria net
utilization and physical integrity at months 6, 12, 18, and 22,
and net retention at months 18 and 22. Nets were randomly
selected from the total 13,922 distributed Dumuria nets using
a two-stage cluster sampling method with villages or house-
hold clusters as the primary sampling unit and individual
households as the secondary sampling unit.
Sample size was calculated using the formula [Np(1 − p)]/
[(d2/Z21-α/2 × (N − 1) + p × (1 − p)]. The sample of Dumuria
nets required is based on the conservative estimate of the
outcome of retention and usage of 60% of Dumuria (as
supported by the literature33–35) (P = 0.06) and a 95% confi-
dence interval (CI). Thirty clusters were randomly selected
using the probability proportional to size method. Simple
random sampling was used to select 10 Dumuria nets from
each cluster. A total of 300 Dumuria nets were sampled each
time at 6, 12, 18, and 22 months up to a total of 1,200 nets
sampled. The unique identification number of each net was
cross-referenced to obtain the household number. Destructive
sampling was followed with the Dumuria net being removed
from the master list after being surveyed.
Insecticidal activity was assessed at each survey time point
by randomly selecting 30 Dumuria nets, as per the WHOPES
guidelines, the nets were sent for testing by WHO cone bio-
efficacy and insecticidal content testing at an external labo-
ratory. Each net given up for testing was replaced with a
new Dumuria net not included on the master list of nets for
future surveys.
Field procedures. The households of the selected nets
were visited, the surveys were administered, and the nets
were inspected. The size, quantity, and position of holes were
recorded. Size was assessed by the simple thumb, fist, or head
method that places holes into four categories: smaller than
thumb (0.5–2 cm), larger than a thumb but smaller than a
fist (2–10 cm), larger than a fist but smaller than a head
(10–25 cm), and larger than a head (> 25 cm).These catego-
ries are then weighted 1, 23, 196, and 578 from less than a
thumb to larger than a head, respectively. The number of
holes in each category multiplied by the weight of the cate-
gory gives a proportional hole index (pHI). This index is an
attempt to standardize research on LLINs and is developed
from previous work8,33,36 and can be found in the WHO
guidelines for LLIN durability testing in the field.37
FIGURE 1. A Dumuria net being displayed in the field.
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The bio-efficacy and insecticide content of net samples
were assessed by Vestergaard Vector Control Laboratories
(253/9 Minh Khai, Hai Ba Trung, Hanoi, Vietnam and
Vestergaard-Frandsen NMIMR Vector Testing Center,
Noguchi Memorial Institute for Medical Research, Univer-
sity of Ghana, Legon, Accra Ghana). Samples of 30 ran-
domly selected nets at each survey period were sent to
be tested. All samples were blinded so the laboratory did not
know the age or any other details of the net sample. Once
results were received they were unblinded and decoded,
this method reduced the risk of bias at the laboratory. Bio-
efficacy in terms of knock down (KD-60) and total mortal-
ity were tested using a standard cone test according to
WHO guidelines.38 Individual, unfed, 2-day-old female
mosquitoes (of a strain susceptible to pyrethroids) were
allowed contact with samples in WHO standard cones.
After a defined exposure time of 3 minutes, mosquitoes
were removed and held in plastic cups at a temperature of
25°C ± 2°C and a relative humidity of 75% ± 10% and
given access to honey solution of 10%. Knock down rate
was observed at 60 minutes and mortality was observed at
24 hours after exposure. A negative control (untreated sam-
ple) was run concurrently; for control samples, where knock
down and/or mortality exceeded 20%, all results were
discarded and where knock down and/or mortality was
between 5% and 20%, Abbott’s formula was applied to
adjust for mortality not associated with insecticide treat-
ment. The test method complied with the WHO guidelines
for laboratory and field testing of long-lasting insecticidal
mosquito nets.38
FIGURE 2. Map of the study region.
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Insecticide content was assessed by quantifying the amount
of active ingredient per gram of Dumuria net. Samples were
extracted by refluxing with xylene. The solvent was evapo-
rated and the residue was dissolved in mobile phase using a
mixture of n-hexane and 1,4-dioxane (93:7, v/v). Deltamethrin
content was determined by normal-phase high-performance
liquid chromatography on a silica column using dibutyl phthal-
ate as an internal standard with the UV detection at 236 nm.
The procedure is a validated and ISO IEC 17025-certified
test. The test method complies with method CIPAC 333/LN.
Data handling and statistical analysis. Quantitative data were
double entered into Epi-Info (WHO/CDC, 2000) and analyzed
in SPSS (SPSS Inc. Released 2007. SPSS for Windows, Ver-
sion 16.0; SPSS Inc., Chicago, IL) and STATA (StataCorp.
2013. Stata Statistical Software; Release 13. StataCorp LP,
College Station, TX). Data were summarized using propor-
tions and means and medians, where appropriate. Comparisons
of proportions between categorical variables were performed
by χ2 test, using Fisher’s exact test for significance where
appropriate. Comparisons between quantitative variables were
performed by simple regression. Mean rank scores, which
displayed non-normal distributions, were compared by the
nonparametric Kruskal–Wallis test with post hoc Mann–
Whitney tests performed where appropriate and the Bonferroni
correction (dividing the P value to be achieved for sig-
nificance by the number of paired comparisons made) was
applied. Binary logistic regression was used to test for sig-
nificance between potential explanatory variables and the
dichotomous outcome variables of the existence of holes.
Significance tests were determined at the 5% level and
95% CI were calculated throughout.
Retention and attrition rates, developed by the WHO,37
were calculated at month 18 and 22 survey time points.
Retention was calculated by dividing the number of house-
holds with the Dumuria net present and available for
sleeping under by the total number of sampled households
to which Dumuria nets were distributed and multiplying
by 100. Three attrition rates were calculated according to
the following formulas:
Attrition rate 1 ¼
No: of houses with net reported
lost due to wear and tear
Total no: of households sampled
 100
Attrition rate 2 ¼
No: of houses with net given away;
stolen; sold; or used elsewhere
Total no: of households sampled
 100
Attrition rate 3 ¼
No: of houses with net reported
used for other purposes
Total no: of households sampled
 100
All analytical procedures took into account the two-stage
cluster sampling design by using the svy family of commands in
STATA and setting the primary sampling unit as the clusters.
RESULTS
Household characteristics. Overall, a total of 1,197 Dumuria
nets were sampled from as many households, with a total of
7,365 inhabitants. The mean number of persons per house-
hold was 6.14, and 31.8% (95% CI: 30.7, 32.8) of the total
population were under 5 years old. The median number of
sleeping places per household was 2 (range: 2–22). Fifty-four
point three percent (95% CI: 49.4, 59.7) of respondents had
attended at least primary level education, 96.4% (95% CI:
93.3, 98.1) practiced open defecation, and 92.3% (95% CI:
90.6, 93.6) used an unimproved water source.
Retention and attrition rates. At 22 months, the retention
rate was 98.0% (95% CI: 96.4, 99.5), attrition rate 1 was
0.3% (95% CI: 0.3, 0.9), attrition rate 2 was 1.3% (95% CI:
0.02, 2.6), and attrition rate 3 was 0.3% (95% CI: 0.3, 0.9).
Net utilization. A total of 98.4% (95% CI: 97.3, 99.0) of
respondents reported using the Dumuria net for sleeping
with 60.8% (95% CI: 56.4, 65.0) using the net every night
and 0.4% (95% CI: 0.2, 1.2) reporting not using the net at all.
About 97.4% (95% CI: 96.0, 98.4) of respondents reported
sleeping under the net the previous night. Five reasons were
listed for not sleeping under the net the previous night: too
hot, no malaria, no mosquitoes, net not available, and used
another net.
The majority of respondents, 74.1% (95% CI: 70.2, 77.6),
reported sleeping under the net all year, 25.2% (95% CI:
21.8, 28.9) only during the rainy season, and 0.8% (95% CI:
0.3, 1.7) only during the dry season. When asked whether
the net was used away from the household, 58.1% (95% CI:
52.2, 63.7) reported only using the net in the household,
20.5% (95% CI: 17.3, 24.1) took the net into the fields, 15.6%
(95% CI: 12.2, 19.9) took the net into the forest, and 2%
(95% CI: 1.2, 3.4) took the net to a farm hut. Among those
that reported using the net away from the household,
21.2% (95% CI: 17.2, 26.0) did so only during the rainy
season, 0.9% (95% CI: 0.3, 2.3) only during the dry season,
and 77.9% (95% CI: 73.1, 82.0) reported sleeping away from
the household all year-round.
A majority of the respondents, 86.5% (95% CI: 83.1,
89.3), reported tucking the net under the sleeping mat during
use and 52.8% (95% CI: 47.6, 57.8) reported washing their
nets (with 78 [6.5%] values missing). Sixty-five percent (95%
CI: 61.2, 68.9) of those that reported washing their nets used
a local bar soap and 12.9% (95% CI: 10.4, 15.8) used no
soap at all. Among those respondents who washed their nets,
19.1% (95% CI: 14.4, 24.9) scrubbed their nets and 45.9%
(95% CI: 40.7, 51.3) dried their nets in the sun compared
with 53.1% (95% CI: 47.5, 58.5) who reported drying their
nets outside in the shade.
Physical condition of Dumuria nets. At the end of the
study period (month 22), 15.5% (95% CI: 10.3, 22.6) of the
nets used to sleep under and available for examination had
at least one hole. The median pHI was 0 with an inter-
quartile range of 0–0 and a range from minimum 0 to maxi-
mum 196. In the WHO-defined “good” range of 0–64, pHI
were 97.1% (95% CI: 94.0, 98.6) of nets, 2.9% (95% CI: 1.4,
6.0) were in the “acceptable” range of 65–642 pHI, and 0%
were in the “torn” range of > 642 pHI (Figure 3).37
Table 1 shows that after 22 months of use, horizontal holes
were the most frequent type of holes and the largest propor-
tion of holes were located in the lower section of the nets.
Of the four categories of hole sizes, size 1 (0.5–2 cm) was the
most frequently found size, there was only one hole of cate-
gory 4 size (> 25 cm) and this was found in a net surveyed
at 12 months. Category 1 and 2 holes were mostly located
in the lower sections of the net whereas category 3 holes
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tended to be found in equal numbers across all sections of
the net.
Logistic regression, adjusted for the village clusters in the
study design, was conducted to assess known possible pre-
dictors of the development of holes. The binary variable of
either having holes or not, established by net inspection, was
set as the dependent variable and various independent vari-
ables were added to the model. The final model revealed
four significant predictors of which taking the net to a farm
hut and using an open flame for heating, cooking, or lighting
were associated with the greatest increase in odds of a net
having at least one hole (Table 2).
The results of the nonparametric Kruskal–Wallis test and,
when necessary, the post hoc Mann–Whitney test showed the
following as having significantly different mean pHI ranks:
taking the net to the forest 378.97 compared with not using
the net away from the household 358.20, U = 4.058 E4, P =
0.018; using an open flame 563.51 and not using an open
flame 472.85, U = 6.423 E4, P < 0.001; and nets that were
found outside 510.83 and nets that were found inside 489.38,
U = 8.488 E4, P = 0.026.
Insecticide content and insecticidal activity. After 22 months
of use, the mean deltamethrin content (mg/m2) for the
Dumuria samples was 35.6 (95% CI: 21.9, 49.3), a fall of 64.6
from the baseline mean of 100.2, and the range was 93 (mini-
mum 3, maximum 96) (Table 3). The bio-efficacy tests on
the same samples at month 22 resulted in a mean KD-60 (%)
of 79.8 (95% CI: 67.6, 92.0), and a mean total mortality (%)
of 60.0 (95% CI: 46.8, 73.3). The proportion of samples
passing either WHO cutoff of KD-60 ≥ 9 5% or total mor-
tality ≥ 80%, and therefore being considered effective accord-
ing to the WHOPES guidelines, was 100% at 6 months, 96.7%
(95% CI: 82.8, 99.9) at 12 months, 100% at 18 months, and
66.7% (47.2, 82.7) at 22 months. Untreated “control” nets had
KD-60 and total mortality measurements of 0% at all survey
time points.
The results of Kruskal–Wallis tests, and post hoc Mann–
Whitney tests in the case of a statistically significant difference
in mean ranks, indicate that there is a significant difference in
total mortality mean ranks between those using the net away
from the household only during the dry season 28.25 and
using the net away from the household only during the wet
season 16.38, U = 52.5, P = 0.002.There is also a significant
difference in mean ranks between those who used an open
flame for cooking, heating, or lighting where the net was
found and those who did not use an open flame: deltamethrin
at 41.29 compared with 59.30, U = 722, P = 0.011; and mor-
tality at 34.73 compared with 61.35, U = 552, P < 0.001.
DISCUSSION
After almost 2 years of varied field conditions and high
reported utilization and acceptance rates,39 the retention rate
of Dumuria nets is extremely high and the attrition rates are
very low, indicative of a durable and fit-for-purpose net for
outdoor sleeping. When nets were found damaged, time and
factors associated with net use have been shown to be pre-
dictors of such damage.
FIGURE 3. The performance profile of Dumuria nets used for
sleeping under them represented by categorical proportion hole index
(pHI) and according to survey time points.
TABLE 1
The frequency and proportion of types and positions of holes among
the total number of nets with holes (N = 43) at 22 months
Number of
nets
Proportion (%) of
total nets with
holes (N = 43) 95% CI
Type of hole
Horizontal hole 18 41.9 27.0, 57.4
Burn hole 13 30.2 17.5, 46.9
Hole at hanging 9 20.9 13.4, 31.1
Open seams 8 18.6 9.4, 33.4
Whole section missing 4 9.3 3.7, 21.4
Rodents 1 2.3 0.3, 17.6
Category 1 holes (0.5–2 cm)
Roof 5 11.6 3.9, 25.1
Upper 3 7.0 1.5, 19.1
Lower 9 20.9 10.0, 36.0
Seams 2 4.7 0.5, 15.8
Category 2 holes (2–10 cm)
Roof 1 2.3 0.05, 12.3
Upper 0 – –
Lower 11 25.6 13.5, 41.2
Seams 2 4.6 0.5, 15.8
Category 3 holes (10–25 cm)
Roof 2 4.6 0.5, 15.8
Upper 3 7.0 1.5, 15.8
Lower 1 2.3 0.05, 12.3
Seams 2 4.6 0.5, 15.8
CI = confidence interval.
TABLE 2
Multivariate logistic regression model of variables significantly asso-
ciated (P < 0.05) with the presence of at least one hole in the net
Variable OR (95% CI) P
Months 1.07 (1.00, 1.1) 0.042
Net used away from home
Not used away Baseline –
Taken to farm hut 13.7 (3.1, 61.1) 0.001
Taken to forest 3.3 (1.4, 8.0) 0.008
Where net found at time of survey
Found inside Baseline –
Found outside 2.3 (1.5, 3.6) 0.001
Use of an open flame
Open flame not used Baseline –
Open flame used 6.30 (3.0, 13.1) 0.001
CI = confidence interval; OR = odds ratio.
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Comparisons with similar studies show that Dumuria nets
are much more durable than equivalent nets made of mesh.
The survival rate of 98% at 22 months and very low attrition
rates are far more impressive than results from other studies;
a study in Ethiopia reported approximately 31% of LLINs
discarded after 3 years (a third of which were discarded
within a year).33 Another study in eastern Chad found that
after 14 months of use in semiarid conditions less than one-
third (30.5%) of the nets were in a serviceable condition,8
whereas a study testing the physical durability of PermaNet
2.0 LLIN, on which the Dumuria net is based, in Ethiopia
found that at 3–6 months 54.5% of the LLINs had at least
one hole, at 26–32 months this proportion increased to
92.5%.10 Assessment of the durability of Olyset® nets in
Benin found similarly low retention and attrition rates when
compared with the findings of this study; retention was 57%
at 18 months post-distribution, and at the same time the pro-
portion of nets with any hole in varied by region between
72% and 93%.40
The chemical composition of the Dumuria nets also proved
to be resilient to high levels of utilization, washing, scrubbing,
and exposure to sunshine; 18 months after distribution, 100%
of nets passed WHO insecticide acceptability thresholds, this
proportion only decreased at 22 months of use to 66.7%.
Although insecticide has been shown to be better on standard
nets used indoors,36,41 no nets have previously been shown to
be as durable when used outside, in as harsh conditions, and
for as long a period as the Dumuria nets.8,10,33,40
Potential limitations of this study arise because of its pro-
spective nature. The Hawthorne effect of study beneficiaries
being more inclined to retain their nets than dispose them,
as they know they are the subject of research , may have had
an effect on the study results.42 It is also possible that grateful
beneficiaries would report a net that was discarded because
of damage as given away to friends/neighbors so as not to
offend the researchers, thus diminishing attrition rate 1 and
inflating attrition rate 2.42 Had a common factor linked non-
respondents to either a lack of nets or damaged nets, a lack
of recording and follow-up of these nonrespondents could
have distorted results.43
The standardized nature of the study in accordance with
WHO protocols allows for comparison of results with similar
products. The majority of holes being found in the lower
region of the nets is consistent with the findings of previous
studies10,36 and is likely due to the practice of tucking the
net under the sleeping mat at night. The relatively frequent
occurrence of burn holes and the use of open flames being a
significant predictor of poor chemical performance highlight
the importance of further research into this possible inter-
action. If these results continue to be replicated, they could
help to inform information, education, and communication and
behavior change communication campaigns regarding net
use, in general and more specifically, in relation to the use of
open flames, and prompt manufacturers to develop future net
designs so as to protect against such damage.
Another limitation of the study is the absence of the mea-
surement of insecticidal efficacy of the nets against wild mos-
quitoes collected in the study area. The testing of the nets
in a laboratory using female mosquitoes known to be sus-
ceptible to pyrethroids goes a certain extent in analyzing the
insecticidal efficacy of the nets over time, but it cannot be
assumed to give a completely accurate measurement of the
insecticidal efficacy of the nets in the field and against the
wild-type mosquitoes found in the field. While there are to
date no reports of pyrethroid-resistant mosquitoes in north-
eastern Kenya,44 extrapolating from data collected in other
areas of the country,19,45,46 the likelihood of at least some
members of the mosquito population in the study area being
resistant to pyrethroids is high. This study would benefit
from future follow-on studies into the insecticidal efficacy of
the Dumuria nets over time against wild-type mosquitoes
collected from the study area.
In a time of strained and even diminishing budgets driving
down the price of LLINs may appear a quick-fix solution.
However, the relationship between reduced LLIN cost and
LLIN quality and durability may render this approach coun-
terproductive as more frequent redistribution campaigns are
required at significant cost. It may also be reckless as, if not
well planned, gaps between redistribution campaigns leave
people unprotected from malaria infection, morbidity, and
mortality. The distribution of traditional LLINs designed for
indoor use to nomadic populations who use them outdoors
may also have implications on the ever pressing issue of mos-
quito resistance to insecticides. As these nets quickly lose their
insecticidal activity in the sunshine, mosquitoes are exposed to
nets containing sublethal doses of insecticide; this could pose
a significant factor in the development of insecticide resis-
tance,47,48 but will require studies to provide evidence as such.
In other contexts, particularly in southeast Asia, long-lasting
insecticidal hammocks have been explored50,51; however, so
far there have been no other LLINs designed for use in the
semiarid conditions of the Sahel. The seemingly high cost of
Dumuria nets (US$13) should be regarded as an investment
in the long-term protection of vulnerable people living in
some of the harshest climates on earth where no other
options have so far proven to be as effective or as durable.
TABLE 3
DM, KD-60, and total mortality of sampled nets at each survey time point: 6, 12, 18, and 22 months
Test Measure Baseline 6 months (N = 29) 12 months (N = 30) 18 months (N = 30) 22 months (N = 30)
DM (mg/m2) Mean (95% CI) 100.2 71.3 (62.8, 79.8) 40.3 (28.2, 52.4) 43.5 (32.6, 54.3) 35.6 (21.9, 49.3)
Standard deviation – 22.4 32.4 29.0 33.2
Median (IQR) – 68.0 (59.3, 80.0) 36.9 (14.7, 54.8) 49.3 (18.0, 66.0) 23 (6.0, 63)
KD-60 (%) Mean (95% CI) – 100 98.4 (96.7, 100) 100 79.8 (67.6, 92.0)
Standard deviation – – 4.7 – 32.7
Median (IQR) – 100 (100, 100) 100 (100, 100) 100 (100, 100) 100 (64, 100)
Total mortality (%) Mean (95% CI) – 96.5 (94.8, 98.3) 98 (95.4, 100) 95.9 (91.6, 100) 60.0 (46.8, 73.3)
Standard deviation – 4.6 7.1 11.5 35.5
Median (IQR) – 98.0 (94.0, 100) 100 (100, 100) 100 (97, 100) 24 (73.5, 93.0)
Passed either WHO cutoff (%) (KD-60 ≥ 95% or total mortality ≥ 80%) 100 96.7 (82.8, 99.9) 100 66.7 (47.2, 82.7)
CI = confidence interval; DM = deltamethrin content; IQR = interquartile range; KD = knock down; WHO = World Health Organization.
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This study not only highlights Dumuria nets as the best
option currently available for outdoor sleepers and harsh
environments, but also highlights the importance of context-
specific LLINs, which take in to consideration the very
nuanced needs and preferences of the communities they are
serving, thus providing an argument against the traditional
large-scale, blanket net distribution campaigns.
Received July 23, 2014. Accepted for publication June 15, 2015.
Published online September 28, 2015.
Financial support: We are grateful to Comic Relief UK for the
funding of this study; the views expressed within this report are not
necessarily those of Comic Relief. We are grateful to the Depart-
ment for International Development, UK aid, for the funding sup-
port in Garissa, North Eastern Province, Kenya.
Disclaimer: This article has been published with the permission of
the Director of Kenya Medical Research Institute (KEMRI).
Authors’ addresses: Georgia R. Gore-Langton and Rebecca E.
Harrison, The MENTOR Initiative, Crawley, United Kingdom, E-mails:
ggorelangton@gmail.com and rebecca8harrison@gmail.com. James
Mungai and Nfornuh Alenwi, The MENTOR Initiative, North Eastern
Province, Kenya, E-mails: jamesmungai2001@yahoo.com and nfornuh@
mentor-initiative.net. Abdullahi Abagira and Farah Amin Hassan,
Ministry of Health, Garissa, Kenya, E-mails: abagira@hotmail.com
and fahamin76@yahoo.com. Owen M. Bicknell, The MENTOR Ini-
tiative, Maban, South Sudan, E-mail: macador@gmail.com. Stephen
Munga, Centre for Global Health Research, Kenya Medical Research
Institute, Kisumu, Kenya, E-mail: munga_os@yahoo.com. Katie Eves,
The MENTOR Initiative, Crawley, United Kingdom, E-mail: katie@
mentor-initiative.net. Elizabeth Juma, Division of Malaira Control,
Ministry of Public Health, Nairobi, Kenya, E-mail: jumaelizabeth@
yahoo.com. Richard Allan, The MENTOR Initiative, Crawley, United
Kingdom, E-mail: richard@mentor-initiative.net.
This is an open-access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the
original author and source are credited.
REFERENCES
1. World Health Organization, 2014. World Malaria Report 2014.
Geneva, Switzerland: World Health Organization. Available at:
http://www.who.int/malaria/publications/world_malaria_report_
2014/en/. Accessed December 18, 2014.
2. United Nations, 2008. United Nations Millennium Development
Goals. Available at: http://www.un.org/millenniumgoals/. Accessed
February 19, 2014.
3. Lengeler C, 2004. Insecticide-treated bed nets and curtains for
preventing malaria. Cochrane Database Syst Rev CD000363.
doi:10.1002/14651858.CD000363.pub2.
4. Lim SS, Fullman N, Stokes A, Ravishankar N, Masiye F,
Murray CJL, Gakidou E, 2011. Net benefits: a multicountry
analysis of observational data examining associations between
insecticide-treated mosquito nets and health outcomes. PLoS
Med 8: e1001091.
5. Curtis CF, Mnzava AE, 2000. Comparison of house spraying and
insecticide-treated nets for malaria control. Bull World Health
Organ 78: 1389–1400. Available at: http://www.pubmedcentral
.nih.gov/articlerender.fcgi?artid=2560652&tool=pmcentrez&
rendertype=abstract. Accessed February 20, 2014.
6. Eisele TP, Larsen DA, Walker N, Cibulskis RE, Yukich JO,
Zikusooka CM, Steketee RW, 2012. Estimates of child deaths
prevented from malaria prevention scale-up in Africa 2001–2010.
Malar J 11: 93.
7. WHO, 2007. Insecticide-Treated Mosquito Nets: A WHO Position
Statement. Available at: http://files.givewell.org/files/DWDA%
202009/Interventions/Nets/itnspospaperfinal.pdf. Accessed Feb-
ruary 19, 2014.
8. Allan R, O’Reilly L, Gilbos V, Kilian A, 2012. An observa-
tional study of material durability of three World Health
Organization-recommended long-lasting insecticidal nets in
eastern Chad. Am J Trop Med Hyg 87: 407–411.
9. Briët OJ, Hardy D, Smith TA, 2012. Importance of factors deter-
mining the effective lifetime of a mass, long-lasting, insecti-
cidal net distribution: a sensitivity analysis. Malar J 11: 20.
10. Wills AB, Smith SC, Anshebo GY, Graves PM, Endeshaw T,
Shargie EB, Damte M, Gebre T, Mosher AW, Patterson AE,
Tesema YB, Richards FO, Emerson PM, 2013. Physical dura-
bility of PermaNet 2.0 long-lasting insecticidal nets over three
to 32 months of use in Ethiopia. Malar J 12: 242.
11. Gnanguenon V, Azondekon R, Oke-Agbo F, Sovi A, Ossè R,
Padonou G, Aïkpon R, Akogbeto MC, 2013. Evidence of
man-vector contact in torn long-lasting insecticide-treated
nets. BMC Public Health 13: 751.
12. Omar MA, 1992. Health care for nomads too, please. World
Health Forum 13: 307–310. Available at: http://www.ncbi.nlm
.nih.gov/pubmed/1466726. Accessed March 5, 2014.
13. International Organization for Migration (IOM), 2010. Kenya:
Rapid Baseline Assessment with Exclusive Focus on Pastoralist
Drop-Outs (Garissa Municipality). Kenya|ReliefWeb. Avail-
able at: http://reliefweb.int/report/kenya/kenya-rapid-baseline-
assessment-exclusive-focus-pastoralist-drop-outs-garissa. Accessed
March 4, 2014.
14. Sheik-Mohamed A, Velema JP, 1999. Where health care has no
access: the nomadic populations of sub-Saharan Africa. Trop
Med Int Health 4: 695–707. Available at: http://www.ncbi.nlm
.nih.gov/pubmed/10583904. Accessed March 5, 2014.
15. Atieli FK, Munga SO, Ofulla AV, Vulule JM, 2010. Wash dura-
bility and optimal drying regimen of four brands of long-lasting
insecticide-treated nets after repeated washing under tropical
conditions. Malar J 9: 248.
16. Kitau J, Oxborough RM, Tungu PK, Matowo J, Malima RC,
Magesa SM, Bruce J, Mosha FW, Rowland MW, 2012. Species
shifts in the Anopheles gambiae complex: do LLINs success-
fully control Anopheles arabiensis? PLoS One 7: e31481.
17. Tirados I, Costantini C, Gibson G, Torr SJ, 2006. Blood-feeding
behaviour of the malarial mosquito Anopheles arabiensis:
implications for vector control. Med Vet Entomol 20: 425–437.
18. Reddy MR, Overgaard HJ, Abaga S, Reddy VP, Caccone A,
Kiszewski AE, Slotman MA, 2011. Outdoor host seeking
behaviour of Anopheles gambiae mosquitoes following initia-
tion of malaria vector control on Bioko Island, Equatorial
Guinea. Malar J 10: 184.
19. Bayoh MN, Mathias DK, Odiere MR, Mutuku FM, Kamau L,
Gimnig JE, Vulule JM, Hawley WA, Hamel MJ, Walker ED,
2010. Anopheles gambiae: historical population decline associ-
ated with regional distribution of insecticide-treated bed nets
in western Nyanza Province, Kenya. Malar J 9: 62.
20. Fornadel CM, Norris LC, Glass GE, Norris DE, 2010. Analysis
of Anopheles arabiensis blood feeding behavior in southern
Zambia during the two years after introduction of insecticide-
treated bed nets. Am J Trop Med Hyg 83: 848–853.
21. Okumu FO, Mbeyela E, Lingamba G, Moore J, Ntamatungiro
AJ, Kavishe DR, Kenward MG, Turner E, Lorenz LM,
Moore SJ, 2013. Comparative field evaluation of combinations
of long-lasting insecticide treated nets and indoor residual
spraying, relative to either method alone, for malaria preven-
tion in an area where the main vector is Anopheles arabiensis.
Parasit Vectors 6: 46.
22. Coosemans M, Lies D, 2013. Residual transmission of malaria:
an old issue for new approaches. Manguin S, ed. Anopheles
Mosquitoes—New Insights into Malaria Vectors. Croatia: InTech.
23. Mejía P, Teklehaimanot HD, Tesfaye Y, Teklehaimanot A, 2013.
Physical condition of Olyset® nets after five years of utiliza-
tion in rural western Kenya. Malar J 12: 158.
24. 2008. Report of the Twelfth WHOPES Working Group Meeting.
Available at: http://whqlibdoc.who.int/hq/2009/WHO_HTM_
NTD_WHOPES_2009_1_eng.pdf?ua=1. Accessed November
13, 2014.
25. Historical Weather For 2012 in Garissa, Kenya—WeatherSpark.
Available at: http://weatherspark.com/history/29260/2012/Garissa-
North-Eastern-Kenya. Accessed March 4, 2014.
26. 2009. 2009 Kenya Population and Housing Census Highlights.
Available at: http://www.scribd.com/doc/36672705/Kenya-Census-
2009. Accessed March 4, 2014.
1008 GORE-LANGTON AND OTHERS
27. United Nations Children’s Fund (UNICEF), 2008. Maternal and
Newborn Health. New York, NY: UNICEF. Available at: http://
www.unicef.org/sowc09/docs/SOWC09-FullReport-EN.pdf.
Accessed March 4, 2014.
28. 2010. Kenya—Kenya Malaria Indicator Survey 2010—Overview.
Available at: http://statistics.knbs.or.ke/nada/index.php/catalog/10.
Accessed March 4, 2014.
29. Lutomiah J, Bast J, Clark J, Richardson J, Yalwala S, Oullo
D, Mutisya J, Mulwa F, Musila L, Khamadi S, Schnabel D,
Wurapa E, Sang R, 2013. Abundance, diversity, and distribution
of mosquito vectors in selected ecological regions of Kenya:
public health implications. J Vector Ecol 38: 134–142.
30. WHO. World Malaria Report 2012. Available at: http://www.who
.int/malaria/publications/world_malaria_report_2012/en/. Accessed
February 19, 2014.
31. Mwangangi JM, Muturi EJ, Muriu SM, Nzovu J, Midega JT,
Mbogo C, 2013. The role of Anopheles arabiensis and Anopheles
coustani in indoor and outdoor malaria transmission in Taveta
District, Kenya. Parasit Vectors 6: 114.
32. Division of Malaria Control Malaria in Kenya. Available at:
http://www.nmcp.or.ke/index.php/malaria-in-kenya. Accessed
March 4, 2014.
33. Batisso E, Habte T, Tesfaye G, Getachew D, Tekalegne A,
Kilian A, Mpeka B, Lynch C, 2012. A stitch in time: a cross-
sectional survey looking at long lasting insecticide-treated bed
net ownership, utilization and attrition in SNNPR, Ethiopia.
Malar J 11: 183.
34. Thwing J, Hochberg N, Vanden Eng J, Issifi S, Eliades MJ,
Minkoulou E, Wolkon A, Gado H, Ibrahim O, Newman RD,
Lama M, 2008. Insecticide-treated net ownership and usage in
Niger after a nationwide integrated campaign. Trop Med Int
Health 13: 827–834.
35. Fettene M, Balkew M, Gimblet C, 2009. Utilization, and bio-
efficacy studies of PermaNet in selected villages in Buie and
Fentalie districts of Ethiopia. Malar J 8: 114.
36. Kilian A, Byamukama W, Pigeon O, Atieli F, Duchon S, Phan
C, 2008. Long-term field performance of a polyester-based
long-lasting insecticidal mosquito net in rural Uganda. Malar J
7: 49.
37. WHO. WHO Guidance Note for Estimating the Longevity of
Long-Lasting Insecticidal Nets in Malaria Control. Available
at: http://www.who.int/malaria/publications/atoz/who_guidance_
longevity_llins/en/. Accessed March 4, 2014.
38. WHO, 2005. Guidelines for Laboratory and Field Testing of Long-
Lasting Insecticidal Mosquito Nets. Available at: http://www
.who.int/malaria/publications/atoz/who_cds_whopes_gcdpp_2005_
11/en/. Accessed March 4, 2014.
39. Gore-Langton GR, Mungai J, Alenwi N, Abagira A, Bicknell
OM, Harrison R, Hassan FA, Munga S, Njoroge F, Juma E,
Allan R, 2015. Investigating the acceptability of non-mesh,
long-lasting insecticidal nets amongst nomadic communities in
Garissa County, Kenya using a prospective, longitudinal study
design and cross-sectional household surveys. Malar J 14: 52.
40. Gnanguenon V, Azondekon R, Oke-Agbo F, Beach R, Akogbeto
M, 2014. Durability assessment results suggest a serviceable life
of two, rather than three, years for the current long-lasting
insecticidal (mosquito) net (LLIN) intervention in Benin. BMC
Infect Dis 14: 69.
41. Kilian A, Byamukama W, Pigeon O, Gimnig J, Atieli F,
Koekemoer L, Protopopoff N, 2011. Evidence for a useful life
of more than three years for a polyester-based long-lasting
insecticidal mosquito net in western Uganda. Malar J 10: 299.
42. WHO. Guidelines for Monitoring the Durability of Long-Lasting
Insecticidal Mosquito Nets under Operational Conditions.
Available at: http://www.who.int/malaria/publications/atoz/
9789241501705/en/. Accessed March 4, 2014.
43. Groves RM, 2006. Nonresponse rates and nonresponse bias in
household surveys. Public Opin Q 70: 646–675.
44. Mapper IR. Insecticide Susceptibility. Available at: http://www
.irmapper.com/. Accessed March 11, 2015.
45. Ochomo E, Bayoh NM, Kamau L, Atieli F, Vulule J, Ouma C,
Ombok M, Njagi K, Soti D, Mathenge E, Muthami L, Kinyari
T, Subramaniam K, Kleinschmidt I, Donnelly M, Mbogo C,
2014. Pyrethroid susceptibility of malaria vectors in four dis-
tricts of western Kenya. Parasit Vectors 7: 310.
46. Ochomo E, Bayoh MN, Brogdon WG, Gimnig JE, Ouma C,
Vulule JM, Walker ED, 2013. Pyrethroid resistance in Anopheles
gambiae s.s. and Anopheles arabiensis in western Kenya: phe-
notypic, metabolic and target site characterizations of three
populations. Med Vet Entomol 27: 156–164.
47. Insecticide Resistance Action Committee (IRAC), 2011. Preven-
tion and Management of Insecticide Resistance in Vector of
Public Health Importance. Brussels, Belgium: Insecticide Resis-
tance Action Committee (IRAC).
48. Hill N, 2002. Effects of Sublethal Doses of Pyrethroids on Malaria
Vectors PhD Thesis, University of London. Available at: http://
researchonline.lshtm.ac.uk/682321/1/407879.pdf.
49. Sochantha T, Van Bortel W, Savonnaroth S, Marcotty T,
Speybroeck N, Coosemans M, 2010. Personal protection by
long-lasting insecticidal hammocks against the bites of forest
malaria vectors. Trop Med Int Health 15: 336–341.
50. Magris M, Rubio-Palis Y, Alexander N, Ruiz B, Galván N, Frias
D, Blanco M, Lines J, 2007. Community-randomized trial of
lambdacyhalothrin-treated hammock nets for malaria control
in Yanomami communities in the Amazon region of Venezuela.
Trop Med Int Health 12: 392–403.
51. Hougard J-M, Martin T, Guillet PF, Coosemans M, Itoh T,
Akogbéto M, Chandre F, 2007. Preliminary field testing of a
long-lasting insecticide-treated hammock against Anopheles
gambiae and Mansonia spp. (Diptera: Culicidae) in west Africa.
J Med Entomol 44: 651–655. Available at: http://www.ncbi.nlm
.nih.gov/pubmed/17695020. Accessed March 5, 2014.
1009NON-MESH NET DURABILITY, OUTDOOR SLEEPING NOMADS, KENYA
